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1. INTRODUCTION 

Over the last decades, the technique of variable speed electric drives has been developed rapidly 
thanks to advances in power electronics and the technical advantages that an asynchronous machine offers 
over a DC machine, such as the robustness of the machine and its low cost of purchase and maintenance. 

Also, one of the latest developed strategies is direct torque regulation. This technique was initiated 
during the 1980s by Takahashi and Depenbrock as competitive with conventional controls, based on pulse 
width modulation (PWM) power supply, decoupling of the flux and by the orientation of the magnetic flux. 

These direct control methods belong to the category of amplitude control and were originally 
designed for a two-level inverter [1]. The direct control of the torque (DTC) consists of controlling directly 
the closing or opening of the inverter switches from the precalculated values of the stator flux and the couple. 
The changes of states of the switches are related to the evolution of the electromagnetic states of the engine. 

The main goal of this work is to present an advanced method of direct torque control applied to 
DFIM shown schematically in the following figure by using multilevel inverters that offer huge advantages 
over inverters with 2-levels [2]. 

Thus, the distribution of the voltage in the multi-level inverters is obtained in a natural way in 
steady-state, which makes it possible to switch each semiconductor independently of the others. 
This makes the converter more robust and more performance during switching. Also, the switched voltage is 
at the reduced amplitude and the switching is therefore easier to manage. On the machine side: the number of 
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voltage generated by a multilevel inverter is higher than that of the inverter with 2-voltage levels, which will 
allow to improve the quality of its waveform and will manifest itself by reducing its harmonic distortion. This 
will also result in the decrease of iron losses, the increase in the life of insulators or the reduction of the 
electromagnetic radiation from the windings of the machine. 

In this perspective, a complete study of the architecture is proposed in order to elaborate the 


improved direct control of the torque law [3-5]. Then, the whole system is validated under the Matlab / 
Simulink environment to ensure the efficiency of the control. 
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Figure 1. Synopsis of the DTC of the DFIM 


2. DOUBLY FED INDUCTION MOTOR MODELING: 


In the literature, we find that the DFIM model in the reference «f is summarized in three types of 
equations: electrical, magnetic and electromagnetic[6, 7]. 


2.1. Electrical equations: 
In the frame af, the stator and rotor voltages are expressed by the following equations: 
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2.2. Flux equations: 
The stator and rotor fluxes are given by: 


Psa = Lsisa + Mira 
Wsp = Lsisg + M1,p (2) 
Pra = Lrira + Misa 
Pre = Lrirg A Misg 


Where: 
R, and R, : Resistances of a phase of the stator/rotor. 


L; = l — M, and L, = Ll, — M, : Cyclic inductances of a stator/rotor phase. 
M : Maximum mutual inductance between a stator/rotor phase. 
w, and w, : Angular speed of the rotor/stator. 


2.3. Electromagnetic torque: 


The equation of the electromagnetic torque as a function of the stator flux and stator current is given 
by the expression below: 
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Tem = “Disa sp n isg Psa) (3) 


3. DIRECT TORQUE CONTROL: 
3.1. Principle of the control: 

Direct torque control of an asynchronous machine is based on the direct determination of the control 
sequence applied to the switches of the static power converter in order to impose the desired levels of torque 
and flux [8]. The objective of a DTC is to maintain the electromagnetic torque and the module of the stator 
flux inside the hysteresis bands by choosing the output voltage of the inverter. When the torque or the 
module of the stator flux reaches the upper or lower limit of the hysteresis, an appropriate voltage vector is 
applied to bring the quantity concerned inside its hysteresis band. To choose the voltage vector, it is essential 
to know the rules for the evolution of the torque and the stator flux module [9-10]. 


In the complex plane consisting of the axes (af), the complex voltage vector representing the state 
of a three-phase voltage inverter can have only eight distinct positions because each of the three arms of the 
inverter can only have two possible states. The vector voltage is then defined by the following relation [11]: 


= 270 ATT 
V=V,+jVp = i Ue (Va +V,e73 + Vers ) (4) 


Where: Va, Vp and Ve are the output voltages of the inverter. 
The expression of stator flux in the reference frame linked to the stator of the machine is obtained by the 
following equation : 


= t B 3 d 
be Je Rsisa) t (5) 


t ; 
Wsp E Í Vse =. Rsisg)dt 


3.2. Hysteresis Controller: 

The main objective of the direct torque control is to maintain the instant stator flux and 
electromagnetic torque in a specific band. The DTC is based on two hysteresis comparators which use as 
input the error signals between the reference values and estimates of the stator flux and electromagnetic 
torque. These two controllers are responsible for deciding how much a new switch and/or output voltage 
vector of the inverter is applied. 

If the errors (ep, or eT) is increasing and reaches a higher level, the hysteresis controller switches 
its output on '1'. 


3.3. Vector Selection: 
From the vectors of the voltages schematized in Figure 2 we can distinguish four groups of vectors: 

1) The group of vectors "zero tension": They are obtained by three different combinations of the states of the 
three arms of the inverter [12-15]: (1,1,1), (-1,-1,-1) and (0,0,0) named respectively V7, Via and Vo. 
2) The group of the vectors "half tension" that we can decompose into 2 other subgroups: 

= The first consists of the vectors: V1, V2, V3, V4, Vs and Ve. 

= The second groups the vectors: Vs, Vo, Vio, V11, Vi2 and Vi3. These vectors constitute the internal 

hexagon "half tension. 

3) The group of "full voltage" vectors: This group contains the voltages vectors named: Vis, Vie, V17, Vis, 
Vi9 and V20. These vectors constitute the external hexagon of "full voltage". 
4) The group of "intermediate voltages": the vectors of the voltages of this group are called V21, V22, V23, V24, 
V25 and V26. 
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Figure 2.Vector of tensions in the frame (af) 


3.4. Switching table: 
The switching table selects the appropriate voltage vector of the inverter in order to orient the stator 


flux and electromagnetic torque in their desired values, also based on the position of the source voltage 
vector and the errors of the stator flux and electromagnetic torque [16, 17]. In this work, we adopted a 
modified switching table compare to ensure optimal minimization in error. 


4. APPLICATIONS AND RESULTS: 
The following figure describes the model used for the control of the doubly-fed induction motor in 


Matlab/Simulink environment [18-21]: 
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Figure 3.Direct torque control (DTC) block diagram 


4.1. Setpoint tracking test: 
The system is analyzed during steady-state and transients conditions at variable speed (sub- 


synchronous, synchronous and super-synchronous). The results of the simulation are summarized in Figure 6 
[22,23]: 
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Figure 6. (a) Curves of: the rotational speed, (b) the electromagnetic torque, (c) the stator and rotor fluxes, 
(d) the voltages of the stator, (e) the currents of the stator, (f) the voltages of the rotor, 
(g) the currents of the rotor. 


4.2. Robustness Test: 

The parameters of the DFIM are exposed to variations caused by various changes such as 
temperature increase, skin effect, etc. In this case, the proposed direct torque control must guarantee good 
results regardless of the parameter variations [24, 25]: 

So, the robustness of the command used (DTC) has been tested according to the following 
conditions: 

Resistance R, multiplied by 2 

Inductances L, and L, multiplied by 0.5. 

Figure 7 shows the simulation’s results obtained: 
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Figure 7. (a) Curves of: rotational speed, (b) the electromagnetic torque, (c) the stator and rotor fluxes, (d) the 
voltages of the stator, (e) the currents of the stator, (f) the voltages of the rotor, (g) the currents of the rotor. 


Comparing the results of the simulations illustrated in Figure 6 and Figure 7, we can ensure, even by 
changing the initial values of DFIM, that: 

e The rotational speed follows its reference. 

e The stator flux has a circular trajectory since it is supplied by a sinusoidal voltage from the 
grid. Though, there is a ripple superimposed on the circular trajectory of the rotor flux due 
to the hysteresis band chosen in the direct torque control. 

e The electromagnetic torque follows its reference with fewer oscillations and disturbances 
due to the hysteresis controller and the change of the initial parameters of the machine. 

e The stator and rotor currents in the frame (a, b, c) have a sinusoidal shape despite the fact 
that the behavior of the electromagnetic torque changes. 

From these results, we can conclude that the direct torque control has a low response time in the 
transient regime, and fewer disturbance oscillations in the curves of the various curves that quickly regain 
their reference values. 


5. CONCLUSION: 

This work put forward an enhancement of the classical direct torque control using a multi-level 
inverter in order to have a large switching table. The use of such a kind of table allows us to increase and 
decrease the module of the fluxes and the electromagnetic torque as well. The results (setpoint tracking and 
robustness test) in steady and transient regimes show a complete correlation. They both prove the robustness 
and efficiency of the method developed. 

In general, the simulation results obtained during the application of the control under variable speed 
show excellent dynamic performance and tracking ability of the fluxes and the electromagnetic torque 
generated at the corresponding reference values with the preservation of sinusoidal shapes for both currents 
and voltages (stator and rotor). 


APPENDIX: 
Table 2. Parameters of the doubly fed induction motor 
DFIM PARAMETERS 
Nominal Power Pn = 1.5 KW 
Stator Voltage Vs = 220/380V 

Stator Frequency fs = 50 Hz 
Stator Resistance Rs = 1.18 Q 
Stator Inductance Ls=0.4H 
Rotor Resistance Rr = 1.66 Q 
Rotor Inductance Lr=0.18 H 

Mutual Inductance M=0.17H 

No. of Pair of Poles P =2 
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